The fact that transposable elements (TEs) can influence host gene expression was first recognized more than 50 years ago. However, since that time, TEs have been widely regarded as harmful genetic parasitesselfish elements that are rarely co-opted by the genome to serve a beneficial role. Here, we survey recent findings that relate to TE impact on host genes and remind the reader that TEs, in contrast to other noncoding parts of the genome, are uniquely suited to gene regulatory functions. We review recent studies that demonstrate the role of TEs in establishing and rewiring gene regulatory networks and discuss the overall ubiquity of exaptation. We suggest that although individuals within a population can be harmed by the deleterious effects of new TE insertions, the presence of TE sequences in a genome is of overall benefit to the population. 21 Annu. Rev. Genet. 2012.46:21-42. Downloaded from www.annualreviews.org by CNRS-Multi-Site on 07/25/13. For personal use only.
The subject of this review is often regarded as complicated, difficult, and bizarre. -J.R.S. Fincham and G.R.K. Sastry in the introduction to their 1974 Annual Review of Genetics review "Controlling Elements in Maize"
FROM CONTROLLING ELEMENTS TO TRANSPOSABLE ELEMENTS
If one excludes Aristotle, who proposed that "heritable characteristics" reside in the blood of humans, Mendel was the first to identify "heritable factors," i.e., genes (45) (see Figure 1 for a historical timeline). Almost a century later,
THEORIES OF TRANSPOSABLE ELEMENT EVOLUTION

Controlling elements
McClintock (77) and Britten & Davidson (16) suggested major functions for transposable elements (TEs) in genome regulation. Such a view does not exclude the harmful effects that TEs may provoke but adds an important functional parameter to the presence of TEs in the host genome. Doolittle & Sapienza (33) , along with Orgel & Crick (93) , suggested that TEs are selfish genetic elements, i.e., genomic parasites colonizing genomes. Along with the junk DNA premise, these hypotheses do not deny possible exaptation events but consider TE presence owing only to their selfish nature.
Selfish DNA
Toward common ground: the latent hypothesis
A few researchers advance the hypothesis that TEs are both mutualists and extreme parasites (54) . In support of such a view, we propose that TEs have the same pros and cons as any regulatory mechanism, the negative effects being comparable to losses of cells during meiosis or lethal errors in DNA replication, perhaps harmful for an individual but mainly beneficial for a population. One cannot deny that the number of TEs exapted by host genomes is much larger than expected. Because of their capacity to replicate and spread among species, TEs constitute the largest repertoire of active and latent gene regulatory sequences. Barbara McClintock (77) suggested that these factors in the maize genome could be controlled via unstable mutations that seemingly moved within and between chromosomes. The concept of mobile DNA was initially disregarded by the scientific community, which had only recently come to accept the idea that genes were fixed on chromosomes. This view changed in the 1960s and 1970s, when transposition was observed in bacteria and interspersed DNA repeats, most likely arising from transposition, were found in several genomes. Coincidentally, TEs and other repeats, owing to their perceived lack of function, were called junk DNA [first coined by Ohno (90) in 1972 to describe pseudogenes and later subverted to all noncoding DNA and interspersed repeats], opposing McClintock's view of TEs as controlling elements. In the 1970s, discrepancies between genome size and complexity were revealed, whereby genome size [and later gene number (60) ] was often not correlated with species complexity, and there appeared to be more DNA then necessary to encode the full set of proteins (reviewed in 44) . This apparent C-value paradox is now easily explained by the recognition that different genomes can carry vastly different TE loads. We know today that the proportion of TEs in a genome can vary from 85% in some species [maize (111) ] to 10% in others [Arabidopsis thaliana (2) ] and that in some rare instances [e.g., Plasmodium falciparum (10) ] TEs appear to be absent.
TEs are genetic units bringing positive, neutral, or negative effects to the host. The perceived importance of each of these effects depends on the evolutionary current of thought (see sidebar, Theories of Transposable Element Evolution). Nonetheless, it has been shown that TEs are essential for centromere and telomere integrity in some species (95, 139) and that they are important recombinogenic substrates allowing occasionally for rapid genome remodeling (112, 132) . They may even be co-opted by the genome (reviewed in 25, 117, 125) as shown in the case of 29 experimentally characterized lineage-specific regulatory sequences in humans derived from TEs (75 
TE evolutionary hypothesis
Future directions
Figure 1
Timeline of research on transposable elements (TEs) and general genetics: molecular biology discoveries (red ), TE-related research ( orange), TE evolutionary hypothesis (blue), and future directions (black). (55, 84, 126) , others present more subtle effects (25, 104) , and most TE copies do not seem to have any known influence on gene regulation.
It is also clear that TE insertions can have deleterious effects by disrupting genes (18, 77) , promoting damaging recombination events (46), and causing gene expression interference (74) . The first new insertion of a TE implicated in human disease was described in the late 1980s (52) . The authors showed that insertion of a LINE-1 (L1) copy disrupted the factor VIII gene, resulting in hemophilia A. This finding not only confirmed the status of TEs as genomic parasites but also verified the rather disturbing idea that some TEs in humans are still active. Since then, numerous other human genetic diseases have been shown to be associated with TE insertions (reviewed in 7, 18) . There is also evidence that plants and reptiles with high repetitive DNA content and therefore high genome size may be maladapted (129, 130) , but no such evidence exists for mammals. Furthermore, it has been shown in Drosophila melanogaster that accumulation of TEs is associated with a decrease in population fitness (96) , nevertheless with an average deleterious effect on species fitness lower than spontaneous mutations. On the other hand, Oliver & Greene's (91) TE-thrust hypothesis postulates that TEs have played an important role in evolution and that species devoid of TEs might become evolutionarily static or even extinct and, along with others (103), suggests that TEs might play an important role in speciation.
Defining the overall significance of TEs in a host genome must account for all neutral, negative, and positive effects they may confer in an individual but also in the population/species as a whole. It is therefore nearly impossible to derive a conclusion regarding TE impact on a host species. Today, it is becoming increasingly clear that McClintock (77) and Britten & Davidson (16) were visionaries in referring to TEs as controlling elements and suggesting their participation in gene regulatory networks. This underlying theme is central to this review, where we survey the general effects of TEs on host gene expression, the intrinsic characteristics of TEs that account for their value to the host genome, and the creation and remodeling of gene regulatory networks, with an emphasis on mammals. Because our focus concerns the impact that TEs can have as gene regulatory elements, we do not address other TE exaptation events (i.e., domestication of TEderived proteins, etc.), for which we refer the reader to other reviews on this subject (40, 131) . Finally, we address our view that TE copies represent latent gene regulatory sequences poised for exaptation dependent on internal (organism development and genomic context) and/or external (species demography and environmental changes) cues. . Each family can be further separated into subfamilies on the basis of TE structure and evolutionary aspects (such as DNA sequence homology). In humans, although nearly half of the genome is composed of more than three million sequences derived from TEs (60) , only a few hundred TEs retain the capacity for further transposition (60) . For a detailed classification of TE sequences and various proposals to reach a common ground on classification/nomenclature, we direct interested readers to the following reviews: 50, 113, 137.
TRANSPOSABLE ELEMENTS AND THE HOST GENOME
Transposable Element Classification
Controlling Transposable Element Activity
TEs and host regulatory factors have coexisted and coevolved, and as a result an arms race scenario has been established (3, 79) . TE replication is regulated by TE-and host-driven mechanisms. TE self-control allows TEs to suppress the negative effects of transposition while still being able to replicate. Such control can be illustrated by the dependence on host regulatory factors [such as transcription factors (TFs)], by the production of truncated suppressor copies, by the presence of cryptic poly(A) and splice sites (98) , and finally via transposasemediated autoregulation (63, 109) . For example, consensus Alu elements harbor roughly 23 cryptic splice sites in the sense and antisense orientations (94) . Furthermore, the P element in Drosophila contains two introns spliced ubiquitously, whereas a third intron is only spliced in the germ line and is necessary for the production of the full-length transposase, restricting P element activity to the germ line only (63) .
As a consequence of the immediate deleterious effects of some new insertions, several host mechanisms and proteins have evolved that restrict TE activity. For discussion of such host proteins, we refer the reader to other reviews (22, 49) . The principal mechanism of transcriptional control of TEs involves epigenetic regulation, which effectively silences TEs while permitting their maintenance in the genome. It has been proposed that the original role of epigenetic defense, especially via small RNAs, is to operate as an extrapolated immunological system to protect the genome against foreign DNA (i.e., TEs) (76, 88) . Alternatively, targeting of epigenetic modifications to TE sequences might be a consequence of the exaptation of TEs as platforms of chromatin modification (48) , in which case epigenetic regulation of TEs might be a consequence of genome defense and genome regulation (69) . Heterochromatin has been ubiquitously associated with TEs, but only very recently have the regulatory mechanisms responsible for TE silencing been identified. In plants, for example, histone 3 lysine 9 (H3K9) methylation along with DNA methylation and small RNAs are responsible for TE silencing (reviewed in 68). In the pollen vegetative nucleus of A. thaliana, TEs are reactivated because of the lack of DDM1, a chromatin remodeling ATPase necessary for TE silencing (67) , and produce 21-nt small interfering RNAs that provoke TE silencing in the sperm cells (118) . A similar scenario is also observed in D. melanogaster hybrid dysgenesis in which LINElike element silencing is dependent on the expression of its own copies and the presence of small RNAs in nurse cells surrounding the oocyte (14, 20) . In mammals, small RNAs seem to act only in the male germ line, and chromatin remodeling factors along with DNA methylation are responsible for TE silencing (4, 58) .
Interestingly, although DNA methylation is necessary to maintain silencing of LTR/ERVs in mouse somatic cells, this epigenetic mark is not required for silencing in embryonic stem (ES) cells and early embryogenesis (reviewed in 64). Instead, histone marks appear most important. For example, in mouse ES cells, SETDB1 (methyltransferase responsible for H3K9 trimethylation) or H3K4 demethylase LSD1/KDM1A targets specific ERV families, and the lack of such enzymes induces ERV activation (51, 72) . After epigenetic silencing, vast numbers of TEs can be maintained in a dormant state in the host genome, allowing the opportunity for their embedded regulatory structures (and/or their chromatin state) to be exapted.
Effects of Transposable Elements on Host Genes
The work of McClintock and others highlighted the potential hazards associated with TE activity (52, 77) , and it is clear that TEs have the capacity to alter phenotype. Perhaps for this reason, as has been previously shown, LINEs and LTR elements are underrepresented in genic regions of the human genome, suggesting that insertions in genes are generally selected against (82) . Evidence for selection shaping TE distribution patterns comes partly from studies of original (unselected) insertion site preferences of L1 and reconstructed HERV-K elements in human cells, which reveal no bias against genic insertions (13, 65) . Known TE insertions that do cause disease or an abnormal phenotype nearly always occur within genes and either disrupt an exon or interfere with transcript processing when located in an intron (52, 74) . Conversely, bioinformatics surveys of TE-gene chimeric transcripts suggest that many gene promoters or alternative promoters are, in fact, derived from TEs (27, 38, 127) . For example, in mouse and human, 18.1% and 31.4% of total transcription start sites (TSSs), respectively, are located within TE sequences and are often found to be tissue specific (38) . As previously suggested, the preferential insertion of some TEs near genes may facilitate the exaptation of TE sequences as gene regulators (40) . Indeed, some TE families have a transposition target specificity within genes [Tos17 retrotransposon in rice (83)] or near genes [Ty1 (31) and Ty3 (19) in Saccharomyces cerevisiae]. Nevertheless, other TE families are known to target heterochromatic regions [Ty5 in S. cerevisiae (146)], and most described TEs have unknown initial insertion site preferences.
Ways in which inserted TEs may influence the transcriptional regulation of a host gene are summarized in Figure 2a (such examples are hereafter referred to as TE-gene duos). Numerous instances of TE exaptation as gene regulatory sequences in many different species have been documented in the literature, and we have reported some of them in our new interactive online catalog of exapted copies named C-GATE (catalog of genes affected by transposable elements at https://sites.google.com/ site/tecatalog), described in detail elsewhere (102) . Although many such instances have been identified on a case-by-case basis, genomic approaches have proven very powerful in uncovering exaptation events. Whereas TE promoter exaptations are straightforward to identify, assuming the TE forms the 5 end of the gene transcript, it is probable that TE enhancer exaptations are more common because of less positional constraint. Bejerano and colleagues (6) discovered several co-opted SINE enhancers (termed LF-SINEs for "living fossil" or "lobe-finned fishes") that were active more than 410 mya by identifying ultraconserved regions between distant species. A more recent comparative analysis of 29 mammalian genomes revealed that nearly 20% of 1.1 million evolutionarily conserved elements are derived from relatively ancient TEs (66) , adding further support for the notion that TEs play a major role in gene regulation. In fact, given that estimates of the percentages of genomes derived from TEs increase as computational methods become progressively more sophisticated (30), it is not preposterous to postulate that a large fraction of gene promoters and enhancers were donated by ancient TEs, which may retain their cis-regulatory motifs but are so extensively degraded in overall structure that they are no longer recognizable as such. It is also important to point out that identification of regulatory TEs based on evolutionary conservation leads to undercounting of younger elements, which may be just as important as older elements but require other approaches to detect.
TEs also play roles in regulation of gene expression through various processes involving noncoding RNAs. Pairing of micro RNAs (miRNAs) and messenger RNAs (mRNAs), along with assembly of the RNA-induced silencing complex, induces a series of mechanisms, including degradation of the mRNA, resulting in reduced expression or silencing of the gene. It has been shown in humans that miRNAs can be expressed from an RNA polymerase III (POL III) promoter found in Alu sequences (11) . In Leishmania major, Lm-SIDERs (non-LTR) are only observed in the 3 untranslated regions (UTRs) of genes and decrease mRNA stability through an unknown process, reducing gene expression (15) . In response to cellular stress, SINE RNAs have been shown to bind RNA polymerase II (POL II) and repress transcription of certain genes (142) . Another study has shown that Staufen1mediated mRNA decay involves duplexing between Alu sequences found in 3 UTRs of genes and in long noncoding RNAs (43) . TEs can also promote antisense transcription of genes (26) , although the functional relevance of the resulting antisense transcripts remains unclear.
It is difficult to determine the overall impact on the host of most TE-gene duos. Many may have neutral or very slight measurable effects. Examples of immediate detrimental effects are provided by the numerous cases of new exogenous or endogenous LTR/ERV somatic insertions activating oncogenes in mice (reviewed in 57, 74) . Although no new TE insertions that activate genes in human cancer have been found, a recent study showed that epigenetic activation of an ancient LTR drives aberrant CSFIR gene expression in Hodgkin lymphoma (59) . At the other end of the spectrum, an example of long-term evolutionary benefit is demonstrated by a member of the same broad class of LTRs responsible for Hodgkin lymphoma-associated CSFIR activation, which provides an enhancer element that confers neuronal specificity to a gene in placental mammals involved in food intake and energy balance controls (41) . Furthermore, it has been elegantly shown that a retrotransposon named hopscotch acts as a species-specific enhancer for the tb1 gene, which in consequence represses branch outgrowth, thereby increasing apical dominance in maize compared with the www.annualreviews.org • Transposable Element Impacts ancestral teosinte plant (121) . Clearly, the intrinsic characteristics of TE regulatory sequences are often exploited by the host genome.
TRANSPOSABLE ELEMENTS ARE LATENT HOST REGULATORY SEQUENCES: WHY TRANSPOSABLE ELEMENTS?
Intrinsic Regulatory Sequences
TEs naturally possess cis-regulatory elements and are able to replicate throughout the genome, resulting in genome-wide dispersion of such regulatory elements. Analogous to any gene, TE copies may contain four primary types of regulatory sequences necessary for their own expression: promoters, splice sites, termination sites, and enhancers/insulators (Figure 2b) . LTRs/ERVs and LINE elements are known to be transcribed by the POL II complex, whereas SINEs may use either POL II or POL III machinery (47, 80, 101) . L1 and LINE-like elements utilize a promoter that is internal to the transcription start site (80, 122) , which is a structural requirement that may prevent promoter loss upon retrotransposition. Endogenous LTR elements/ERVs generally employ the same transcriptional mechanisms as those well described for integrated exogenous retroviruses (101) . TE promoters can also be bidirectional, as has been shown for L1s (120) and some LTR/ERV families (24, 32) . Curiously, Caenorhabditis elegans TC1 DNA transposons do not possess an internal promoter, and expression is due to read-through transcripts, of which only a few are correctly processed (116) .
Because of the abundance of TE families in each genome, as well as the multicopy nature of TEs and the lack of function previously attributed to such copies, our knowledge of host proteins involved in controlling TE transcription is still very limited. Outside the promoter/enhancer region, canonical and noncanonical splice sites are often present, as are polyadenylation signals of varied strengths that induce termination of transcription (98, 101) . Additionally, several groups have used various prediction methods to identify putative TF binding sites within TEs and have found overrepresentation of numerous potential sites in different classes of elements (56, 100, 124) . TEs may carry cell type-specific regulatory elements, providing putative functional tissuespecific promoters, as observed, for example, in humans with a colon-specific promoter within an LTR co-opted by the B3galt5 gene (34) . Remarkably, parallel exaptation of different TEs by orthologous genes has occurred for the NAIP gene in human and mouse (107) and the prolactin gene in primate, mouse, and elephant (35) .
Notably, not all TE types are equally susceptible to being co-opted as gene regulators. The typical 400-500-bp LTR naturally contains an enhancer, promoter, polyadenylation signal, and, often, a splice donor site (53, 73) , the last frequently utilized in LTR-promoted fusion transcripts with cellular gene exons (25, 81) . Importantly, even after LTR-LTR recombination, which reduces full-length copies to the typically more frequent solitary LTRs (8), core regulatory elements are normally retained. This process has resulted in several hundred thousand LTRs in the human genome (60) that are poised for host co-option events. SINEs, such as Alu elements, also possess regulatory sequences, particularly splice sites, and they are found at high density in gene introns (82) , accounting for their tendency to be exapted as alternative exons (115) . Most LINE copies are 5 truncated and therefore lack a promoter region (135) but retain ORF regulatory signals such as splice sites and polyadenylation signals.
One interesting analysis compared TE sequences to randomly generated sequences for their propensity to harbor TF binding sites (124) . The statistical comparison revealed that LTRs are most likely to contain almost all known TF binding site classes and that SINEs also figure prominently in this regard (124) . Although the overall higher density of SINEs near genes and within promoter regions can account for this overrepresentation, these results 
Increase in Genomic Content and Genetic Drift
TE sequences have an obvious advantage over other noncoding DNA in their potential to provide regulatory sequences to their hosts immediately upon insertion. In addition, TEs and other noncoding DNA sequences can also accumulate random mutations that create novel regulatory elements, facilitating spatiotemporal innovations by a gene. For example, deamination of methylated CpGs in human Alus creates functional binding sites for c-Myc (143) . Evidence that genetic drift is responsible for exaptation events is provided by the results of a genome-wide analysis to detect TE-derived gene TSSs within mouse and human transcript libraries (38) . Among other findings, this study revealed that, when normalized for genomic abundance, small fragments of old LINE-2 elements are more than twice as likely as younger L1 elements to provide minor, tissue-specific alternative gene promoters (38) . TEs can therefore provide ready-to-use regulatory sequences but also increase the genomic reservoir that can be acted upon by genetic drift and natural selection.
Epigenetic Exaptation
Another advantage that favors exaptation of TEs is their tendency to be regulated through epigenetics, as discussed above. Interestingly, during brief windows of time, as in gametogenesis and early development, the epigenetic marks within a genome are largely erased and later reestablished (reviewed with regard to retrovirus reactivation in 64). Release of TE silencing during development might result in recognition of the TE sequences by the host via homology-dependent mechanisms and therefore correct reestablishment of epigenetic marks. TE expression therefore seems necessary for transposition control, suggesting that the host genome must recognize TE sequences in order to silence them. Nevertheless, TEs could also take this opportunity to propagate, and any nonfatal transposition event retained in the genome could increase in allele frequency. Indeed, it is probable that the most prolific TEs are hardwired to express in undifferentiated or totipotent cell states in order to increase their own chance of fixation. For example, some mouse TEs are expressed at significantly higher levels in ovulated oocytes and earlystage embryos compared with later stages (70, 97) . Interestingly, whereas LINEs account for 0.42% of the total transcripts in mouse fullgrown oocytes and two-cell embryos, ERVs account for 19.36%, even though LINEs outnumber ERVs in genomic abundance (60, 97) . Moreover, because TE expression is mostly dependent on epigenetic changes, the relaxation of this constraint can reactivate their regulatory sequences to express adjacent genes ectopically or induce somatic transposition events. For example, in mouse ES cell mutants defective for ERV epigenetic silencing, promoters found within ERV LTRs are reactivated and are responsible for the upregulation of genes by establishing de novo TE-gene duos (51, 72) .
Genomic Shock
Numerous TE copies are known to contain motifs such as hormone response elements and therefore are targets of chemical and molecular environmental changes (5, 62, 92, 108) . TE transcriptional regulation can indeed be affected by environmental pressures and, as McClintock once described, genomic shock (78) . Specifically, important changes in the environment, such as heat shock, hybridization, and starvation, can lead to an increase in TE expression and activity (23, 126) and, therefore, to new putative TE-gene duos.
Because TEs are strictly regulated by the host genome, the existence or acquisition of stress response elements that facilitate transposition in times of drastic environmental changes could provide TEs with a strategy to increase copy number. From the host's perspective, TEs responsive to genomic shock could initiate a rapid mutational process that is able to www.annualreviews.org • Transposable Element Impacts provide different scenarios for natural selection to act upon in response to stress (136) . Therefore, in the case of genomic shock, TE-gene duos could provide transcriptome variability that diversifies the range of stress response (37) . A very elegant example in yeast reveals that the Ty5 integrase target domain, when phosphorylated, interacts with Sir4 and guides integration into heterochromatic regions. However, under stressed conditions, the target domain of Ty5 integrase is no longer phosphorylated, and the TE inserts randomly in the genome, causing new mutations and hence increasing yeast stress-adaptive response (29) . Interestingly, in mammals, genes involved in immunity response and stress are more likely to contain TE sequences within their 5 or 3 UTRs compared with other genes (127) , although the significance of this finding is unclear.
Epigenetics is labile to environment, and it follows that the environment may influence TE expression through epigenetic modulation. For example, in mouse, expression of the agouti gene is dependent on the methylation state of a nearby intracisternal A-type particle LTR copy, which can be stabilized in a silent mode by a diet enriched in methyl donors (28) . In Drosophila, heat shock protein 90 (HSP90) acts as a phenotypic buffer that might respond to environmental stresses, maintaining the apparent phenotype even if the genotype is modified. A decrease in HSP90 expression induces TE transposition through a lack of piRNA synthesis, therefore creating de novo mutations and consequent phenotypic diversity (119) . Furthermore, it is well known that in diseases such as cancer, TEs are hypomethylated and therefore transcriptionally reactivated (106, 123) . This reactivation is probably associated with activation of TE-gene duos, and these may contribute to the deregulation of genome-wide expression patterns and perhaps to disease progression (7, 59) . Nevertheless, it remains to be seen if the reactivation of TEs along with their associated TE-gene duos is a consequence or a significant causal event in different diseases. Thus, TEs not only contain the sequences necessary to regulate gene expres-sion and the potential to create new TE-gene duos but also are labile to environmental conditions enhancing their regulatory potential. It is, therefore, not unexpected to find TEs co-opted in TE-containing genomes, and the volume of documented examples is constantly increasing. Britten & Davidson (17) extended McClintock's controlling element hypothesis by adding a possible role for TEs in gene regulatory networks that would be specific for each cell and each species. One major and obvious characteristic of TEs is that they are scattered throughout the genome, thereby increasing the potential of simultaneously regulating different genes. Indeed, this situation is expected if TF binding sites originally present in the TE are preserved because they have been exapted by the host in different locations in the genome. Alternatively, if only core/basal promoter motifs within the TE are exapted, with tissue specificity being driven by nearby sequences or by TF binding sites acquired or modified post-insertionally, one would not expect homologous co-opted TEs to have similar tissue specificities. There is evidence for both scenarios. Exapted LTRs of the HERV-E family promote placental-specific transcription of host genes in three of four cases examined, and this specificity is driven at least in part by transcription factors rather than by epigenetic differences because transient transfections of these LTRs in placental versus nonplacental cell lines mimic the endogenous tissue specificity (61, 81) . In contrast, no predominant tissue specificity is apparent among exapted cases of HERV9 LTRs in human because LTRs of this family drive liver-specific expression of ADH1C (21) , contribute to widespread expression of SEMA4D (25) , drive erythroid-specific transcription in the β-globin locus (99) , and promote testis-specific transcription of p63 (9) . HERV9 LTRs are atypical in being significantly longer and more CpG rich than most other human LTR types, and these features Figure 3b ).
TRANSPOSABLE ELEMENTS AS MASTER REGULATORS OF GENE EXPRESSION
97
Primates Class I ERVs are enriched in p53 binding sites (especially LTR10 and MER61). One-third of all p53 sites are found in ERV copies (ChIP-seq). Furthermore, deamination of methylated Alu CpGs creates binding sites for p53, Pax-6, and c-Myc.
134, 143, 144
Mouse Analysis of LSD1/KDM1A −/− mice and ES cell lines revealed the derepression of class 3 MERV-L elements and arrested embryonic development. Moreover, a number of genes that are flanked by MERV-L elements or LTRs exhibit a similar derepression and become ectopically expressed in mutants.
72
Human and mouse Large fraction of bona fide ESR1, p53, Oct4, Sox2, and CTCF binding sites exist within distinctive repeat families (MIR, ERV1, ERVK, and B2). These binding sites are overrepresented in proximity to genes that they regulate. Furthermore, Oct4 and Nanog exhibit binding sites in species-specific TEs in human and mouse ES cells (Figure 3a) .
12, 56
Human, macaque, mouse, rat, dog, and opossum CTCF sites were propagated through TE expansion. Lineage-specific CTCF binding sites are explained through expansion of B2 SINEs (mouse and rat), SINE-Cfs (dog), and Mar_MdOs (MIRs in opossum). Shared CTCF binding sites between species can be explained by ancestral expansion of TEs that are no longer recognizable. 
71
Human, mouse, and bovine Characterization of gene expression and regulatory networks in preimplantation embryonic development discovered that insertion of regulatory modules via TE transposition is an important mechanism leading to interspecies expression differences. Despite abundant binding of 16 different TFs within mouse TEs, only an estimated 10% are currently functional, and the remainder could be latent or neutral.
141
Human and mouse Alu RNA (and B2 RNA) become upregulated during heat shock and repress global transcription by binding POL II.
142
Rice mPing burst of transposition created new TE-gene duos. mPing copies may act as enhancers and upregulate 156 genes. Under stress conditions, additional genes can also be upregulated (Figure 3c ).
85
Key abbreviations: ERV, endogenous retrovirus; ES, embryonic stem; LSD1/KDM1A, lysine-specific demethylase mutant; LTR, long terminal repeat; MaLR, mammalian apparent LTR-retrotransposon; MERV-L, mouse ERV-type L; MIR, mammalian interspersed repeat; MT, mouse transcript; SINE, short interspersed nuclear element; TE, transposable element; TF, transcription factor. may provide greater opportunities for development of diverse cis-acting motifs. Therefore, TEs have the potential to regulate both single genes and/or gene networks in specific tissues. Genomic approaches have recently substantiated a half-century-old theory that TEs are instrumental in establishing host gene transcriptional networks ( Table 1 ; for a previous review see 39) . In a recent study, Bourque and coworkers showed that only ∼5% of binding sites for Oct4 and Nanog-TFs necessary for maintaining the pluripotent state of ES cells-are conserved between human and mouse ES cells and that a substantial fraction of www.annualreviews.org • Transposable Element Impacts nonconserved sites exists within species-specific ERV LTRs (Figure 3a) (56, 141) . If one accepts the fact that TF binding sites for key regulatory networks are not conserved but instead are the product of parallel evolution (89), then it is not such a leap of faith to postulate a significant role for TEs in controlling such networks. Bear in mind that the most successful TEs, in terms of genomic copy numbers, are those that can readily infect or retrotranspose in the germ line or in totipotent cells in early development. Thus, the fact that abundant families of ERVs in human and mouse contain binding sites for Oct4 and Nanog is again not surprising and perhaps even expected. Retroviruses with LTR binding sites for such factors may be more tran-scriptionally active in ES cells, likely increasing their chances of heritable retrotransposition events and amplification in the genome. These LTR families would then be ideal candidates to be exapted by the host during evolution of regulatory networks in ES cells.
Further evidence for host regulatory networks capitalizing on TE activity in early development derives from studies on MuERV-L (murine ERV-like) and related MaLR (mammalian apparent LTR-retrotransposon) LTR elements in mouse. MuERV-L elements are highly transcribed in one-and two-cellstage embryos and produce virus-like particles (97, 105) , features that likely facilitated their amplification to high copy numbers in the mouse genome. In a groundbreaking 2004 study, Peaston et al. (97) showed that MT (mouse transcript) and MuERV-L LTRs, both members of the broad class 3 ERVs, act as alternative promoters to drive developmentally regulated expression of many genes in the full-grown oocyte (mostly MT LTRs) and two-cell-stage embryo (mostly MuERV-L LTRs), leading the authors to propose that activation of these retroelements may help induce reprogramming of the embryonic genome (Figure 3b) . A more recent study found striking upregulation of MuERV-L elements, genes controlled by MuERV-L LTRs and genes normally restricted to the period of zygotic genome activation in mouse ES cells deficient for the H3K4 demethylase LSD1 (72) . LSD1-deficient ES cells acquire the unusual potential to generate extraembryonic tissues, prompting the hypothesis that MuERV-L and related elements targeted by LSD1 for silencing have been exapted to repress expression of cell fate genes during early embryogenesis (72) . In agreement with this hypothesis, extraembryonic stem cells, which give rise to the yolk sac, can silence proviral transcription more quickly than ES cells (42) .
Other studies have reported that 30% of all p53 binding sites localized by ChIP in the human genome fall within copies of certain primate-specific ERV families (134) . It is not immediately apparent why retroviruses that were successful in colonizing the genome would have p53 binding sites. However, Wang et al. (134) suggested that p53 sites in LTRs may be advantageous to the retrovirus by providing a mechanism for rapid transcriptional induction, and therefore exit from the cell, in times of stress and p53 activation. Furthermore, it has been shown that methylated CpGs can be deaminated into TpGs, leading to the creation of new p53 binding sites and providing a possible explanation for why repeats might be enriched for such sites (143, 144) .
TEs have also been shown to participate in gene regulatory networks that are part of speciation novelties (e.g., pregnancy in eutherian mammals). Lynch and coauthors (71) have shown that 42% of MER20s, an ancient type of DNA transposon, are localized within 200 kb of placental-specific genes (expressed in endometrial cells), a distribution that is statistically significantly different when compared with all genes. The overrepresentation of MER20 elements (with intrinsic progesterone and c-AMP response elements) near genes differentially regulated upon decidualization is precisely the predicted outcome if these elements indeed have been selectively retained for pregnancyrelated regulatory roles.
Another interesting example of TEs acting as master gene regulators is found in plants. A DNA transposon named mPing recently expanded in several rice strains, and, through a target preference for 5 regions of genes, mPing copies were able to increase gene expression (156 out of 710 genes); and, most importantly, under stress conditions, new mPing-gene duos were observed (85) (Figure 3c) . This example shows how TEs not only can create new gene regulatory networks upon insertion but also can modulate such networks in response to environmental stress. Furthermore, the recent burst of transposition of mPing shows that populations can survive massive TE amplification and formation of new TE-gene duos and can also increase the species adaptive response to stress.
We have likely only scratched the surface regarding the influence TEs may have in directing the simultaneous expression of host genes, especially under stress conditions. Undoubtedly, the next few years will prove very enlightening in this pursuit as technologies that facilitate investigation of such questions continue to improve.
FROM TRANSPOSABLE ELEMENTS TO CONTROLLING ELEMENTS
Ongoing debate concerning TE utility is triggered by evidence that TE-imposed gene regulation can be either beneficial or harmful to the host, depending on context. Despite incidences of TEs exerting harmful effects on host genes, their existence is largely neutral a Germ line transposition Evolvability: host capacity to create inherited genetic variability that may be adaptive or beneficial and almost certainly facilitates genomic and regulatory evolution (Figure 4) . Hence, we consider TEs as latent regulatory sequences in the host genome. By analogy, it is too simplistic to infer that recombination, as it takes place during mitosis and meiosis, is inherently harmful to the host, yet daughter cells often arise that carry a burdensome mutational load. These unfit cells are usually cleared or fail to contribute to future generations, whereas novel/beneficial variants are retained and may be useful. Indeed, although TE mobility may pose a mutational hazard to individual cells or organisms, it also offers considerable genomic opportunity (increasing species evolvability). This benefit for the population outweighs potential negative impacts, which are likely to be erased via selection (Figure 4) . Evidence for the role of TEs as latent regulatory sequences could be gathered by asking the following: Do genomes containing TEs always harbor instances of co-option and domestication? Do genomes with a higher TE load exhibit a corresponding increase in their volume of regulatory sequences? Does species evolvability increase with the presence of TEs? Finally, it might be particularly illuminating to follow the evolution of a species in which TE invasion is at its infancy and compare the ability of individuals with and without TEs to respond to environmental changes. An interesting study engineered populations of S. cerevisiae containing variable Ty1 copy numbers and locations from a yeast strain lacking these elements (138) . Despite showing a slightly negative effect on population fitness at a high copy number, populations highly variable for Ty1 show, after hundreds of generations, the presence of high-frequency Ty1 copies, clearly suggesting a selective advantage of TE presence on a host genome (138) . The invasion of a genome/species by TEs is initially only due to their parasitic nature. However, most TEs (both exapted and latent copies) become part of the genome and are no longer considered foreign sequences to the host. In other words, the introduction of TEs to genomes is probably not due to their functionality, but the latent role of TEs can be reinforced by host silencing mechanisms that permit their retention The probability that some become exapted as regulatory sequences increases concomitantly.
AND TOMORROW?
Although examples of TEs influencing host gene expression have consistently increased, the flurry of recent observations on this topic has been driven by genome-wide analyses, often associated with deep sequencing, chromatin characterization, expression analysis, and bioinformatics. Such methods are of major importance in understanding the relationship between noncoding DNA, TEs, and host genomes. However, they come with their own set of challenges: mapping sequencing reads to single copies or classes of elements; obtaining statistical analysis adapted to genome-wide data; and more importantly, verifying the biological meaning of whole-genome observations and correlations. Interestingly, the new sequencing era also provides the opportunity to perform genetic analyses of populations and individuals that are critical to the understanding of TE-induced variability. Although insertionally polymorphic copies are well described in D. melanogaster (36, 128) , Mus musculus (1, 86, 145) , plants (140) , and humans (reviewed in 87), their biological impact, in terms of causing variable phenotypes or disease susceptibility, is only beginning to be explored (86) . Epigenetic variability between individuals is an important issue researchers are poised to address, and insertionally polymorphic TE copies may partly account for such variability because they are major targets of epigenetic regulation (67, 104) . Furthermore, analysis of individual epigenomes and transcriptomes will allow researchers to study the reactivation of dormant TEs through epigenetic release and their potential associations with human diseases (59) and fine-tuning of gene regulatory networks.
One must await the right time for conceptual change.
-B. McClintock
SUMMARY POINTS
1. TEs contain or acquire regulatory sequences and are capable of spreading within genomes, populations, and species.
2. TEs have been recruited by genes and as a consequence have created or rewired new gene regulatory networks.
3. At the population/species level, the latent hypothesis postulates that TEs are either beneficial or dormant gene regulatory sequences.
4.
At the individual level, the latent hypothesis postulates that TEs can also be dormant harmful parasites.
FUTURE ISSUES
1. How can we assess the biological significance of the large-scale apparent TE exaptations being increasingly detected by genome-wide analyses?
2. What is the role of species-specific TE exaptations in evolution?
3. What is the impact of insertionally polymorphic copies on phenotypic and epigenetic variation between individuals?
4. What is the real impact of environment changes in creating new TE-gene duos?
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